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ABSTRACT
A plateau phase in the X-ray afterglow is observed in a significant fraction of gamma-ray bursts
(GRBs). Previously, it has been found that there exists a correlation among three key parameters
concerning the plateau phase, i.e., the end time of the plateau phase in the GRB rest frame (Ta), the
corresponding X-ray luminosity at the end time (LX) and the isotropic energy of the prompt GRB
(Eγ,iso). In this study, we systematically search through all the Swift GRBs with a plateau phase
that occurred between 2005 May and 2018 August. We collect 174 GRBs, with redshifts available for
all of them. For the whole sample, the correlation between LX , Ta and Eγ,iso is confirmed, with the
best fit relation being LX ∝ T−0.92a E0.83γ,iso. Such an updated three-parameter correlation still supports
that the central leftover after GRBs is probably a millisecond magnetar. It is interesting to note that
short GRBs with duration less than 2 s in our sample also follow the same correlation, which hints
that the merger production of two neutron stars could be a high mass magnetar, but not necessarily
a black hole. Moreover, GRBs having an “internal” plateau (i.e., with a following decay index being
generally smaller than -3) also obey this correlation. It further strengthens the idea that the internal
plateau is due to the delayed collapse of a high mass neutron star into a black hole. The updated
three-parameter correlation indicates that GRBs with a plateau phase may act as a standard candle
for cosmology study.
Keywords: gamma-ray burst: general – methods: statistical
1. INTRODUCTION
Gamma-ray bursts (GRBs) are erratic γ-ray flashes in the universe, lasting from milliseconds to as long as thousands
of seconds, usually with a non-thermal spectrum, isotropically distributed on the sky (Band et al. 1993; Kouveliotou
et al. 1993; Meegan et al. 1992). The isotropic energy release of the prompt GRB emission ranges from 1048 to 1055 erg
(Kumar & Zhang 2015), making GRBs the most energetic stellar explosions in our universe. In the era of BeppoSAX
(Fishman & Meegan 1995), multi-wavelength (from X-ray to radio) afterglows following the prompt emission were
detected, which help to localize GRBs precisely. The first redshift measurement was made for GRB 970508 (Metzger
et al. 1997). Its spectrum revealed a redshift of 0.835, which formally confirms its cosmological origin. GRBs can
even be observed up to z ∼ 10 with current detectors (Cucchiara et al. 2011). After decades of observations and
researches, people have obtained a general picture of GRB physics. The widely accepted model to explain the origin
of GRBs is the so called “fireball” model (Rees & Meszaros 1992; Piran et al. 1993; Wijers et al. 1997; Me´sza´ros 2006).
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The prompt emission is considered to be produced by internal shocks due to the interaction of ejecta in the fireball,
while the broadband afterglow is produced by the interaction between the GRB ejecta and the circumburst medium
(Me´sza´ros & Rees 1997; Vietri 1997; Tavani 1997; Waxman 1997; Sari 1997; Huang et al. 1999, 2000).
It has long been found that GRBs can be grouped into two distinct classes by considering whether their duration
are longer than 2s or not (Kouveliotou et al. 1993): long GRBs that typically last for 20 – 30 s, and short GRBs that
typically last for 0.2 – 0.3 s. Long GRBs, with a good number being identified to be associated with core-collapse
supernovae (Galama et al. 1998; Hjorth et al. 2003; Stanek et al. 2003; Campana et al. 2006; Xu et al. 2013), are
generally believed to originate from the deaths of massive stars. In contrast, the favored scenario for short GRBs is
the coalescence of two compact stars, especially two neutron stars (Paczynski 1986; Eichler et al. 1989, NS-NS), or a
neutron star and a black hole (Paczynski 1991, NS-BH). In both the collapsar models and the coalescence models, the
violent explosion would generate a stellar-size, hyper-accreting black hole, or a rapidly-spinning, strongly-magnetized
neutron star (Usov 1992; Thompson 1994; Dai & Lu 1998; Popham et al. 1999; Rosswog et al. 2003; Lei et al. 2013).
Recently, the detection of gravitational waves with the advanced Laser Interferometer Gravitational Wave Observatory
(LIGO) opened a “multi-messenger” era in astronomy studies(Abbott et al. 2016a,b, 2017a,b). The association of the
gravitational wave event GW170817 and the short event of GRB 170817A confirms the binary neutron star coalescence
scenario for short GRBs (Abbott et al. 2017a; Goldstein et al. 2017).
Although important progresses have been made toward understanding GRBs, some crucial issues still remain un-
solved. With a cosmological origin, GRBs could be used as a powerful tool to probe the early universe. Nevertheless,
compared to type Ia supernovae (SNe Ia), GRBs are not perfect standard candles. The luminosities of GRBs cover
several orders of magnitude. Their diversity, together with the complex classifications and triggering mechanisms,
prevents direct applications of GRBs in cosmology. Interestingly, a few correlations have been found between various
GRB parameters, either on GRB prompt emission (Amati et al. 2002; Norris et al. 2000; Ghirlanda et al. 2004, 2009;
Yonetoku et al. 2004; Tsutsui et al. 2009; Willingale et al. 2010; Geng & Huang 2013), or on the afterglow (Liang &
Zhang 2005; Oates et al. 2009, 2012; Dainotti et al. 2010, 2016, 2017; Xu & Huang 2012; Liang et al. 2015). These
correlations can provide important clues for studying the physical mechanisms of the GRB central engines. They
can also hopefully make GRBs as some kinds of standard candles so that these energetic events can be used to limit
cosmological parameters (Fenimore & Ramirez-Ruiz 2000; Schaefer 2003, 2007; Dai 2004; Ghirlanda et al. 2004, 2006;
Wang & Dai 2006; Amati et al. 2008; Wang et al. 2011, 2015). In this aspect, a lot of work still needs to be done
because GRBs originate from various mechanisms.
There is a special subclass of GRBs, i.e., GRBs with a plateau phase in the X-ray light curve. They are characterized
by a shallow decay phase followed by a normal decay in X-ray afterglow. The X-ray light curve of the shallow decay
phase is usually very flat so that it typically shows up as a plateau, while the power-lay index of the subsequent
normal decay is usually ∼ -1. It is generally believed that the plateau phase is due to some kind of extra energy
injection into the external shock from the central engine (Dai & Lu 1998; Zhang & Me´sza´ros 2001; Rowlinson et al.
2010, 2013; Bucciantini et al. 2012; Gompertz et al. 2013; Geng et al. 2016). Thus the X-ray plateau observations can
help constrain various central engine models. For example, Li et al. (2018) analyzed the Swift/XRT light curves of 101
GRBs that has a plateau phase (and also with the redshift being available). They compared the energetics with the
maximum energy budget of magnetars (∼ 2×1052 erg), to determine whether the central engine of GRBs is a magnetar
or a black hole. More interestingly, it is also found that there exists another special kind of plateau, known as the
“internal plateau”, characterized by a plateau followed by an extremely rapid decay (decay index usually < -3). Such
a rapid decay at the end of the “internal plateau” is much steeper than that expected in the normal external shock
model as due to the curvature effect. It cannot be explained via an external shock, but may reflect some special change
of the central engine. A natural interpretation is that the “internal plateau” is still due to the continuous energy from
a millisecond magnetar. But the magnetar is now a “supra-massive” neutron star, it will finally collapse into a black
hole, leading to a sudden switch off of the energy injection, which manifests as the subsequent steep decay phase. The
collapse of the supra-massive neutron star may either be triggered by spinning down, or by fall-back accretion, e.g.,
GRB 070110 as studied by Chen et al. (2017) and GRB 170714A as studied by Hou et al. (2018). Comparing with
the “internal plateau”, a plateau followed by a normal decay is usually called an “external plateau”, which means the
normal decay can be well explained by the curvature effect of the external shock emission.
Several interesting correlations are obtained for GRBs with a plateau phase. Dainotti et al. (2008) first found
an anti-correlation between the end time of the plateau phase in the GRB rest frame (Ta) and the corresponding
X-ray luminosity at that moment (LX). By analyzing a sample of 77 GRBs, they derived the relation as LX ∝
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T−1.06±0.27a (Dainotti et al. 2010). Xu & Huang (2012, hereafter, XH2012) further found a much tighter three-parameter
correlation among Ta, LX and the isotropic energy in the prompt emission (Eγ,iso, here we denote it as the L-T-E
correlation), e.g., LX ∝ T−0.87±0.09a E0.88±0.08γ,iso . Dainotti et al. (2017) later also presented a LX−Ta−Lγ,peak correlation
between Ta, LX , and the peak luminosity in the prompt emission (Lγ,peak), LX ∝ T−0.83±0.10a L0.64±0.11peak . Interestingly,
Si et al. (2018) recently analyzed 50 GRBs which have a plateau phase in the optical afterglow light curve. They
also found a similar three-parameter correlation for their sample. Their analysis indicates Lb,z ∝ T−0.9b,z E0.4γ,iso and
Lb,z ∝ T−0.9b,z E0.5p,i , where Tb,z is the break time of the plateau phase in the optical band, Lb,z is the corresponding
optical luminosity during the plateau phase, and Ep,i is the peak energy of the prompt emission. For a comprehensive
overview of various GRB correlations, one may refer to Wang et al. (2019).
In this study, we have collected a sample of 174 Swfit GRBs that have a plateau phase in the X-ray afterglow
light curve. These GRBs, all with the redshift being measured, occurred between March 2005 and August 2018.
This sample provides a good opportunity for various statistical analysis. We fit the light curve of each GRB to get
relevant parameters of the plateau phase, and then explore potential correlations between various pairs of parameters.
Especially, the L-T-E correlation is extensively examined with this enlarged sample, and the physics behind the L-T-E
correlation is investigated. The structure of our article is organized as follows. We describe the sample selection and
data reduction processes in Section 2. The data are statistically analyzed and the results are presented in Section 3.
In Section 4, we briefly summarize our conclusions and discuss the implications.
2. SAMPLE SELECTION AND DATA ANALYSIS
After the successful launch of Swift in 2004 (Gehrels et al. 2004), many interesting features were soon discovered in
the X-ray afterglows of some GRBs, including X-ray flares and the plateau phase (Zhang et al. 2006; Nousek et al.
2006). In this paper, we mainly analyze Swift GRBs with a plateau phase in the X-ray light curve. Our sample are
selected from the GRBs occurred between March 2005 and August 2018, all with the redshift being measured. The
observed X-ray data are taken from the Swift GRB light curve repository (Evans et al. 2007, 2009), with the spectrum
range of the light curve being 0.3 — 10 keV. We select our GRBs by the following four criteria: (1) There should
be an obvious flat segment in the X-ray light curve that could be reliably identified as a plateau phase. To be more
specific, we require that the power-law index of the plateau phase should be in a range of −1.0 — +1.0. We exclude
any GRBs that do not meet this requirement. (2) There are abundant observational data points during the plateau
phase. This is to ensure that the light curve can be well defined during the fitting process so that we could correctly
extract the key parameters relevant to the plateau phase without any difficulties. (3) There are no flares observed
during the plateau phase. Again it is to ensure a smooth fit of the plateau phase. (4) The redshift should be available
for the event, so that we could calculate the isotropic γ-ray energy release (Eγ,iso). Also, with the redshift, we will be
able to derive the intrinsic Ta parameter by considering the time dilation effect. With these four criteria, we finally
obtained a sample of 174 GRBs. The redshift range of our sample is 0.04 — 8.0. We note that seven short GRBs
(T90 < 2 s) are interestingly included in this sample, as listed in Table 1.
Table 1. Seven Short GRBs Included in Our Sample
GRB name T90 (s) z
GRB 051221A 1.4 0.55
GRB 061201 0.76 0.11
GRB 070809 1.3 0.22
GRB 090510 0.3 0.90
GRB 130603B 0.18 0.36
GRB 140903A 0.3 0.35
GRB 150423A 0.22 1.40
Having selected the sample, we then fit the X-ray light curve of each GRB with a smoothly broken power-law
function, which takes the form of (Evans et al. 2009; Li et al. 2012; Yi et al. 2016)
FX(t) = FX0
[(
t
T0
)α1ω
+
(
t
T0
)α2ω]−1/ω
. (1)
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Here, α1 is the power-law index during the plateau phase, which should generally be close to zero. α2 describes the
decay in the following phase. T0 is the observed end time of the plateau phase. The end time in the GRB rest frame
can then be obtained by Ta = T0/(1 + z). FX0 × 2−1/ω is the corresponding flux at the end of the plateau, and ω is a
smoothness parameter, characterizing the sharpness of the transition from the plateau phase to the subsequent decay
phase.
Fitting the observed X-ray light curves of the GRBs in our sample with Equation (1), we can get the main parameters
relevant to the plateau phase, i.e., the end time of the plateau phase (Ta), the flux at the break time (FX0), the power-
law timing index during the plateau phase (α1), and the power-law timing index in the following decaying phase (α2).
In order to get the best fit, the Markov chain Monte Carlo (MCMC) algorithm is applied. 106 samples are generated
to fit the light curves.
Our best fit results for the X-ray light curves of all the 174 GRBs are presented in Figure 1, which can give us a
general idea on what the plateau is like and how good the fit is. In Table 3, the various parameters relevant to our
study are listed, including the GRB name, T90, redshift (z), BAT fluence (S), power-law index of the plateau phase
(α1), power-law index of the subsequent segment (α2), the end time of the plateau phase (Ta), the corresponding
luminosity at the end time (LX), and the isotropic energy (Eγ,iso). In this table, the range of α1 is (-0.79, 0.79), and
the range of α2 is (0.80, 15.11). It is interesting to note that several GRBs have very large α2 values, which means
their plateau phase is followed by a very steep decay. In other words, the plateau phase in these GRBs should be
“internal plateau”. Here we use a quantified criteria of α2 > 2 + β to define “internal plateaus”, where the convention
of Fν ∝ t−αν−β is used and β corresponds to the spectral index of the X-ray afterglow (Evans et al. 2009). According
to this criteria, 11 GRBs in our sample have “internal plateaus”. We list them in detail in Table 2.
Table 2. GRBs with an“Internal Plateau” in Our Sample
GRB name α2 z
GRB 050730 2.77 3.97
GRB 060607A 3.47 3.08
GRB 070110 8.95 2.35
GRB 100219A 4.64 4.7
GRB 100902A 4.69 4.5
GRB 111209A 15.11 0.68
GRB 111229A 3.15 1.38
GRB 120521C 3.03 6.0
GRB 120712A 3.26 4.17
GRB 130408A 3.79 3.76
GRB 170714A 4.97 0.79
Our sample is one of the largest sample of GRBs with a plateau phase so far. The number of GRBs in our sample
is about three times that of XH2012, which only includes 55 “golden” events. Comparing with XH2012’s study, we
have removed several GRBs from XH2012 sample because they do not meet the selection criteria applied here, e.g.
GRBs 050724 and 070802. Li et al. (2018) recently composed a sample of 101 Swift GRBs (up to 2017 May), which
seems to be quite incomplete as compared with our sample. It is interesting to note that the sample of Dainotti et al.
(2017) includes 183 GRBs with X-ray plateaus (up to 2016 August). However, in their selection process, they did not
impose any compulsory conditions to identify the plateau phase clearly. In our study, we require that the power-law
timing index during the plateau phase should be in the range of −1.0 — +1.0. This can effectively avoid confusing
those GRBs with a jet break as a GRB with a plateau phase. For those GRBs with a jet break, the timing index is
usually ∼ −1, then followed by a steeper decay with a slope of ∼ −2). They might be confused as a GRB with a
plateau phase in some cases.
With FX0 being derived from the fitting, the X-ray luminosity at the end time of the plateau phase (LX) can be
calculated as (Willingale et al. 2007),
LX =
4piD2L(z)FX0
(1 + z)1−β
, (2)
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where z is the redshift and DL(z) is the luminosity distance. The values of z and β are obtained from the Swift GRB
Table1. Note that when more than one redshift is given for a GRB in the Swift table, we adopt the largest z value in
our calculations. All through this study, we take a flat ΛCDM cosmology with H0 = 70.0 km s
−1 Mpc−1 and ΩM =
0.286 to calculate DL(z).
The isotropic γ-ray energy (Eγ,iso) of the prompt emission is calculated from
Eγ,iso =
4piD2L(z)S
1 + z
, (3)
where S is the fluence in gamma-rays (15 — 150 keV, in units of erg/cm2), also taken from the Swift GRB table.
After getting all the relevant data, we then can explore the correlations between various parameters. The L-T-E
correlation can also be thoroughly examined. We present the results in the next section.
3. RESULTS
3.1. Parameter Distributions
In Figure 2, we plot the distributions of LX , Ta, and Eγ,iso. Gaussian functions are applied to fit the distributions.
The mean value of Lx is 1.82 × 1047 erg·s−1 and the 1σ distribution range is (0.114, 28.8)×1047 erg·s−1. The mean
value of Ta is 2.51 × 103 s with the 1σ distribution range being (0.513, 12.3)×103 s. The mean value of Eγ,iso is
0.132× 1053 s, with a 1σ distribution range of (0.016, 1.10)×1053 erg. We notice that the distributions of these three
parameters are very similar to those of XH2012 sample. For XH2012 sample, the mean value of Lx is 1.78 × 1047
erg·s−1 with a 1σ distribution range of (0.083, 38.0)×1047 erg·s−1; the mean value of Ta is 2.45 × 103 s, with a 1σ
distribution range of (0.389, 15.5)×103 s; and the mean value of Eγ,iso is 0.240×1053 erg, with a 1σ distribution range
of (0.023, 2.45)×1053 erg. The deep similarity between these two samples supports the idea that the GRBs with an
X-ray plateau do form a distinct class.
The distributions of S, z, and T90 are displayed in Figure 3. The mean value of S is 19.5 × 10−7 erg·cm−2, with a
1σ distribution range of (5.01, 75.9)×10−7 erg·cm−2. The mean value of z is 2.2, with a 1σ dispersion of 1.44. As for
T90, the mean value is 91.8 s, with a 1σ dispersion of 110 s. The Swift/BAT fluence S is about 3 orders of magnitude
larger than the flux at the end time of the plateau FX0. T90 shows a Gaussian distribution with a center value of ∼
92 s, which indicates that most GRBs in our sample are long GRBs.
α1 and α2 are two important parameters derived from our light curve fitting. Although we have applied a criteria
of −1.0 ≤ α1 ≤ +1.0 in selecting the GRBs with a plateau phase, α1 actually has a mean value of 0.16 for our whole
sample, with a 1σ dispersion of 0.22. It means that in most cases, the timing index of the plateau is in the range
of −0.06 — +0.38, so that the plateau phase is really very flat in the light curve. Again, it supports the idea that
the plateau phase is a special phenomenon in GRB afterglows. In our sample, α2 has a mean value 1.78, with a 1σ
dispersion of 1.32 (see Figure 4). For the internal plateau sub-sample, we find that the mean value of α1,int is 0.24,
with a 1σ dispersion of 0.23; and the mean value of α2,int is 5.26, with a 1σ dispersion of 3.52. We have also calculated
the slope variation of ∆α = α2−α1. The mean value of ∆α is 1.62 for the entire sample, with a 1σ dispersion of 1.32;
and it is ∆αint = 5.01 for the internal plateau sub-sample, with a 1σ dispersion of 3.5. We see that ∆αint is significant
larger than ∆α, which means the internal plateau GRBs also forms a distinct subclass.
3.2. Two-Parameter Correlations
Here, we investigate whether there are any significant correlations between various parameter pairs. In Figure 5, we
plot LX versus Ta, LX versus Eγ,iso, S versus T90, and Eγ,iso versus T90, respectively. It could be clearly seen that these
parameter pairs are somewhat correlated. For the LX - Ta correlation, the best fit result is log(LX/10
47erg · s−1) =
(0.74 ± 0.14) + (−1.10 ± 0.20) log(Ta/103s), with a Pearson correlation coefficient r = −0.57. For the LX - Eγ,iso
correlation, the best fit result is log(LX/10
47erg · s−1) = (1.00± 0.13) + (0.99± 0.13) log(Eγ,iso/1053erg). The Pearson
correlation coefficient r is 0.78. Generally speaking, these two-parameter correlations are quite dispersive. In the
next subsection, we will see that when we use the three parameters of LX , Ta and Eγ,iso to get a three-parameter
correlation, it would be much tighter.
Besides, we find that both S and Eγ,iso are positively correlated with T90. The best fit results are log(S/10
−7erg · cm−2) =
(0.72 ± 0.06) + (0.34 ± 0.03) log(T90/s) with a Pearson correlation coefficient r = 0.57, and log(Eγ,iso/1053erg) =
1 https://swift.gsfc.nasa.gov/archive/grb table.html/
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(−1.39 ± 0.13) + (0.34 ± 0.06) log(T90/s) with a Pearson correlation coefficient r = 0.58, respectively. Note that T90
might be detector dependent (Bromberg et al. 2013; Resmi 2017), but this effect should not be significant in our
sample, since all our bursts are Swift GRBs. Generally, the positive correlations of S – T90 and Eγ,iso – T90 are not
difficult to understand. It means the observed intensities of GRBs are somewhat in a limited range. But note that
these correlations again are very dispersive.
In these plots, we have also marked the 7 short GRBs in our sample with green squares, and the 11 GRBs of “internal
plateaus” with red triangles, to see whether there are any systematic difference in these sub-samples. It is interesting
to note that in all the four panels of Figure 5, the internal plateau sub-sample is largely consistent with the whole
sample. Maybe the reason is that these internal plateau GRBs are essentially long GRBs. Contrastively, although the
short GRB sub-sample is also generally consistent with the whole sample, there is still some systematic deviation. It
is most significant in Figure 5(a). Maybe it is due to the fact that long GRBs and short GRBs have quite different
origins.
In Figure 6, we plot our sample on the LX - z, Eγ,iso - z, and Ta - z planes. Figure 6(a) and 6(b) show that GRBs
at high redshifts usually have a relatively larger LX and Eγ,iso. This may be due to the selection effect: at a large
distance, GRBs with a small LX and Eγ,iso will generally be too weak to be observed, since our detectors have a
limited threshold. In Figure 6(a), we have plotted the XRT detection limit with the dashed line, which corresponds
to a minimum flux of flim ∼ 2× 10−14 erg cm−2 s−1. Note that all the observed data points are reasonably above the
line. Similarly, in Figure 6(b), the dashed line represents the BAT detection limit for flim ∼ 10−8 erg cm−2 s−1 by
assuming a typical duration of 2 s. Again, all the observed data points are above the limit line.
In Figure 6c, we see that no correlation exists between Ta and z. It means that the plateau phase is somewhat
redshift-independent. This tendency is especially clear for the internal plateau sub-sample.
In Figure 7, we plot our sample on a few other parameter planes. Generally, no correlation is found in these plots.
3.3. L-T-E Correlation
In this section, we examine whether the L-T-E correlation still exists for our significantly expanded sample. Using
the fitted Ta, LX and Eγ,iso data, we fit the possible L-T-E correlation by the following expression (XH2012):
log(LX/10
47erg · s−1) = a+ b log(Ta/103s) + c log(Eγ,iso/1053erg), (4)
where the coefficients a, b, and c are constants to be determined.
In order to get the best fit, a Markov chain Monte Carlo (MCMC) algorithm is used. 107 samples are generated to
fit the L-T-E correlation. During our fitting, the joint likelihood function for a, b, and c is (D’Agostini 2005):
L (a, b, c, σint) ∝
∏
i
exp
[
−(yi − a− bx1,i − cx2,i)2/(2(σ2int + σ2yi + b2σ2x1,i + c2σ2x2,i))
]
√
σ2int + σ
2
yi + b
2σ2x1,i + c
2σ2x2,i
, (5)
where i is the corresponding serial number of GRBs in our sample, σint represents the intrinsic scattering. Here,
x1 = log(LX/10
47erg · s−1), x2 = log(Eγ,iso/1053erg) and y = log(Ta/103s). σx1,i , σx2,i , and σyi are errors of x1, x2,
and y respectively.
We have performed the three-parameter fitting for all the 174 GRBs in our sample. The best fit result is
log(LX/10
47erg · s−1) = (1.91± 0.07) + (−0.92± 0.05) log(Ta/103s) + (0.83± 0.04) log(Eγ,iso/1053erg). (6)
The correlation coefficient is r = 0.92. Our fitting result is illustrated in Figure 8, where the Y-axis is the X-ray
luminosity at the end time of the plateau phase (LX , in units of 10
47 erg/s), and the X-axis is a combination of Ta
(in units of 103 s) and Eγ,iso (in units of 10
53 erg). We see that the observed data points are distributed tightly along
the best fit line.
Comparing with the two-parameter correlations presented in the above subsection, such as the LX - Ta correlation
(LX ∝ T−0.89±0.27a , see Figure 5a) and the LX - Eγ,iso correlation (LX ∝ E0.99±0.31γ,iso , see Figure 5b), the L-T-E
correlation is much tighter. The error bars of the parameters derived here are also much smaller, with the intrinsic
scatter of the L-T-E correlation being as small as σint = 0.39± 0.03.
Our result indicates that LX ∝ T−0.92±0.05a E0.83±0.04γ,iso . The relation is generally consistent with the result of XH2012,
which reads LX ∝ T−0.87±0.09a E0.88±0.08γ,iso . The error bars of our derived indices are roughly one half of those in XH2012,
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showing that the correlation is even tighter here. It is striking to see that the L-T-E correlation still exists for such a
significantly enlarged sample, with an even smaller dispersion.
Several different models have been suggested to interpret the plateau phase. First, it may be due to a structured jet.
In this case, emission from the high latitude ejecta will peak at a later stage as compared with the central energetic
ejecta, leading to a slower decay of the afterglow. Second, it may be produced by a stratified fireball. In this case,
the material in different shells have different velocities. Slower shells will finally catch up with the preceding faster
shells and supply energy into the external shock to show up as the plateau phase. Generally, in the above two kinds
of models, some arbitrary assumptions have to be made to depict the jet structure or the velocity distribution of the
ejecta, and no simple conclusions could be drawn for the plateau phase.
In a third model, it is argued that the plateau phase is produced by energy injection from a rapidly spinning
millisecond magnetar that resides at the center of the GRB remnant (Zhang & Me´sza´ros 2001; Dai 2004; Troja et al.
2007; Dall’Osso et al. 2011; Metzger et al. 2011; Rowlinson et al. 2013, 2014; Siegel et al. 2014; Yi et al. 2014; Rea et al.
2015; Lu¨ et al. 2018). In this model, after the prompt burst, the millisecond magnetar loses its rotational energy due to
spinning down, generating a Poynting-flux or an electron-positron wind and injecting energy into the external shock.
Xu & Huang (2012) suggested that the L-T-E correlation supports this magnetar model. It has been shown that the
luminosity of the energy injection is roughly constant within the characteristic spinning down time of the magnetar
(Dai 2004), naturally leading to a plateau phase. After the magnetar spins down, the energy injection ceases. So, Xu
& Huang argued that the product of the observed LX and Ta gives a good measure for the rotational energy of the
magnetar. On the other hand, the isotropic γ-ray energy release (Eγ,iso) is also closely related to the rotational energy.
As a result, we roughly have LX × Ta ∝ Eγ,iso, i.e., LX ∝ Eγ,isoTa−1. It is interesting to note that our fitting result
of LX ∝ T−0.92±0.05a E0.83±0.04γ,iso is again well consistent with the theoretical expectation. The fitted power-law index of
Ta is −0.92± 0.05, very close to −1, and the fitted power-law index of Eγ,iso is 0.83± 0.04, again very close to 1. We
thus argue that our updated L-T-E correlation is a strong support for the magnetar explanation of the X-ray plateaus.
In Figure 8, we have marked the short GRB sub-sample (7 events) with green squares. Interestingly, these short
GRBs follow the same L-T-E correlation. They are generally at the low luminosity end of the plot, but they are
distributed along the best fit line almost as tightly as other GRBs. Theoretically, while a millisecond magnetar may
be born during the hypernova that gives birth to a long GRB (Usov 1992; Bucciantini et al. 2009; Metzger et al. 2011),
it has also been argued that the central engine of short GRBs could also be magnetars (Dai et al. 2006; Fan & Xu
2006; Metzger et al. 2008; Kiuchi et al. 2012; Lu¨ et al. 2015). The distribution of the short GRB sub-sample on Figure
8 can be regarded as a clear proof that the leftover of the double compact star merger is a magnetar in these cases.
In Figure 8, we have also specially marked the “internal plateau” sub-sample (11 GRBs) with red triangles. As
mentioned before, for these internal plateau GRBs, the most popular explanation is that a fast-rotating supra-massive
neutron star is initially born associated with the GRB. It then collapses into a black hole after significantly spinning
down. So, the internal plateau sub-sample are valuable events for checking our magnetar explanation of the plateau
phase. In Figure 8, we see that these GRBs do follow the same L-T-E correlation as expected. However, we also
note that the scattering of the red triangles are slightly larger than other data points. It may be due to the fact
that the condition that determines the end time of the internal plateau phase is somewhat different from other GRBs.
For normal plateaus, the end time is reached when the magnetar loses half of its rotational energy, while for internal
plateaus, the end time is achieved when the magnetar rotates slowly enough so that it cannot resist the gravity. So,
in the internal plateau case, the end time is dependent on both the initial spinning period and the initial mass.
4. DISCUSSION
In this study, we focus on those GRBs with a plateau phase in the X-ray afterglow light curve. We define the plateau
phase by requiring that the power-law timing index should be in a range of −1.0 — +1.0. We finally extracted a large
sample of 174 events from the Swift GRBs that happened between March 2005 and August 2018, all with the redshift
being measured. Statistical analysis is then carried out based on the sample. It is found that some parameter pairs
are more or less correlated, such as LX vs. Ta, LX vs. Eγ,iso, S vs. T90, and Eγ,iso vs. T90. However, the most striking
finding about our sample is that the three-parameter L-T-E correlation still exists when the capacity of our sample has
been significantly expanded as compared with that of XH2012. The best fitting result gives LX ∝ T−0.92a E0.83γ,iso., also
largely consistent with the result of XH2012. It is argued that the L-T-E correlation strongly supports the magnetar
explanation for the plateau phase. In our study, two sub-samples have been identified, i.e. short GRBs with a plateau
phase and those GRBs with a so called “internal plateau”. It is interesting to note that the same L-T-E correlation
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is followed by these two sub-samples, indicating that a rapidly rotating millisecond magnetar might have been born
during the GRB.
Short GRBs are generally believed to be produced by the merger of binary compact stars, such as by a double
neutron star system or by a black hole-neutron star binary. For the merger of a black hole and a neutron star, the
aftermath is undoubtedly a black hole. However, for the merger of a double neutron star system, the case is much
more complicated. The leftover could be either a black hole or a massive neutron star. Here, for the short GRBs with
an X-ray plateau as in our sample, the L-T-E correlation strongly indicates that the leftover of the merger should be
a neutron star that has a strong magnetic field and spins at millisecond period. However, we should also notice that
only a small fraction of short GRBs has the plateau phase. For other short GRBs, we cannot accurately determine
the aftermath of the merger. Anyway, the merit of our study is that it proves that at least some of the short GRBs
are produced by double neutron star mergers, and that a fraction of them lead to the birth of massive millisecond
magnetars.
For GRBs that has an internal plateau, the most natural interpretation is that a rapidly rotating supra-massive
magnetar is born at the center. The plateau phase is then followed by a steep decay when the magnetar collapse to
form a black hole after it spins down significantly so that it cannot resist the gravity. So, it is naturally expected that
internal plateau GRBs should also follow the L-T-E correlation, which was clearly proven in Figure 8. We stress that
this fact is a firm footstone that strongly supports our magnetar interpretation of the L-T-E correlation.
In our study, the sub-sample of short GRBs is consisted of 7 events while the sub-sample of internal plateau GRBs is
consisted of 11 events. Interesting, we find no overlapping between these two sub-samples. In other words, no internal
plateau has been found in a short GRB. This is not difficult to understand. For a binary neutron star merger, the total
mass of the system is generally below ∼ 3M. It will be further subjected to significant mass loss during the merger
process. Comparing with the neutron stars formed during collapsars, where the mass supply is much abundant, the
merger-induced neutron star should generally be less massive. So, it is quite reasonable that the internal plateau is a
rare phenomenon in short GRBs.
Finally, it should be noted that in recent years, some authors have suggested that the central engine of GRBs with
a plateau phase may also be newly formed black holes with a neutrino-cooling-dominated accretion flow (NDAF)
(Cannizzo & Gehrels 2009; Cannizzo et al. 2011; Lu¨ & Zhang 2014; Lei et al. 2017). Two popular mechanisms are
considered to launch a continuous jet to supply energy into the external shock and produce the plateau. One is
the Blandford-Znajek (BZ) mechanism, which extracts the rotational energy from a Kerr black hole (Blandford &
Znajek 1977). The other is the neutrino-antineutrino annihilation mechanism, releasing gravitational energy from
the accretion disk (Popham et al. 1999; Di Matteo et al. 2002; Gu et al. 2006; Chen & Beloborodov 2007; Janiuk
et al. 2007; Lei et al. 2009; Liu et al. 2015). In reality, it is quite possible that both black holes and magnetars can
somewhat act as the central engine of energy injection. Actually, Li et al. (2018) even argued that about 20% of the
central engines are magnetars, and others are black holes. A mixed origin of the plateau phase may make the L-T-E
correlation complicated and dispersive.
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toral Program for Innovative Talents (Grant No. BX201700115), the China Postdoctoral Science Foundation funded
project (Grant No. 2017M620199). ZBZ acknowledges the support from two Chinese Provincial Natural Science Foun-
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Figure 1. Observed X-ray afterglows of all the 174 GRBs in our sample, and our best fit to the light curves. Black dots
correspond to the observational data by Swift/XRT (Evans et al. 2007, 2009). The data fit is performed with the Markov chain
Monte Carlo (MCMC) algorithm.
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Figure 1. — Continued
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Figure 2. Histograms of LX , Ta, and Eγ,iso of our sample. The solid lines represent the best Gaussian fits. The mean value of
Lx is 1.82 × 1047 erg·s−1, with a 1σ distribution range (0.114, 28.8)×1047 erg·s−1. The mean value of Ta is 2.51 × 103 s, with
a 1σ distribution range being (0.513, 12.3)×103 s. The mean value of Eγ,iso is 0.132 × 1053 s, with a 1σ distribution range of
(0.016, 1.10)×1053 erg.
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Figure 3. Histograms of S, z, and T90 of our sample. The solid lines represent the best Gaussian fits. The mean value of S
is 19.5 × 10−7 erg·cm−2, with a 1σ distribution range of (5.01, 75.9)×10−7 erg·cm−2. The mean value of z is 2.22, with a 1σ
scatter of 1.44. The mean value of T90 is 92 s, with a 1σ dispersion of 110 s.
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Figure 4. Histograms of α1, α2, and ∆α of our sample. The solid lines represent the best Gaussian fits. The mean value of α1
is 0.16, with a 1σ dispersion of 0.22. The mean value of α2 is 1.78, with a 1σ dispersion of 1.32. The mean value of ∆α is 1.62,
also with a 1σ dispersion of 1.32.
26 Tang et al.
1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0 2.5
log (Ta/103s)
5
4
3
2
1
0
1
2
3
lo
g 
(L
x/1
04
7 e
rg
s
1 )
Short GRBs in our sample
GRBs with "internal pla-
-teaus" in our sample
Other GRBs in our sample
(a)
5 4 3 2 1 0 1
log (E , iso/1053erg)
5
4
3
2
1
0
1
2
3
lo
g 
(L
x/1
04
7 e
rg
s
1 )
Short GRBs in our sample
GRBs with "internal pla-
-teaus" in our sample
Other GRBs in our sample
(b)
1 0 1 2 3
log (T90/s)
0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
lo
g 
(S
/1
0
7 e
rg
cm
2 )
Short GRBs in our sample
GRBs with "internal pla-
-teaus" in our sample
Other GRBs in our sample
(c)
1 0 1 2 3
log (T90/s)
4
3
2
1
0
lo
g 
(E
,is
o/1
05
3 e
rg
)
Short GRBs in our sample
GRBs with "internal pla-
-teaus" in our sample
Other GRBs in our sample
(d)
Figure 5. Logarithmic plots of various two-parameter correlations: (a) LX - Ta, (b) LX - Eγ,iso, (c) S - T90, and (d) Eγ,iso
- T90. 7 short GRBs are marked with green squares, while 11 GRBs with “internal plateaus” are marked with red triangles.
Black lines are the best fit for the observational data points.
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Figure 6. Dependence of LX , Eγ,iso, and Ta on redshifts. Panel (a) shows LX versus z. The dashed line represents the XRT
detection limit of flim ∼ 2×10−14 erg cm−2 s−1. Panel (b) shows Eγ,iso versus z. The dashed line represents the BAT detection
limit of flim ∼ 10−8 erg cm−2 s−1 by assuming a GRB duration of 2 s. Panel (c) illustrates Ta versus z.
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Figure 7. Logarithmic plots between various parameter pairs. Here, Ta is the end time of the plateau, LX is the luminosity at
the end time, Eγ,iso is the isotropic energy of the prompt emission, α1 is the power-law timing index during the plateau phase
and α2 is the power-law timing index in the following decay phase, and finally T90 is the GRB duration. In order to clearly
demonstrate the distributions, we do not show the error bars in 7 of the plots (Panels 7b, 7c, 7d, 7e, 7f, 7a, and 7h).
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Figure 8. The best-fit L-T-E correlation by using all the 174 GRBs of our sample. Here, LX is the luminosity at the end time
of the plateau, Ta is the corresponding end time, and Eγ,iso is the isotropic γ-ray energy of the prompt emission.
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